ADVANCED
MATERIALS

A
Mk

www.MaterialsViews.com

www.advmat.de

Conductive Atomic Force Microscope Nanopatterning of
Epitaxial Graphene on SiC(0001) in Ambient Conditions

Justice M. P. Alaboson, Qing Hua Wang, Joshua A. Kellar, Joohee Park, Jeffrey W. Elam,

Michael J. Pellin, and Mark C. Hersam*

Graphene has attracted significant attention in recent years
for its extraordinary electronic, physical, optical, and magnetic
properties.!! In particular, epitaxial graphene (EG) grown on
SiC substrates is a promising route towards realizing graphene-
based electronics.># Control over the surface chemistry®>® and
lithographic engineering of graphene are required for the fab-
rication of a wide range of devices and for incorporation with
different electronic materials such as high-k dielectrics.#!
Specifically, the tailoring of surface chemistry with high spatial
resolution will be enabling for many graphene-based electronic
and sensor applications.

Conductive atomic force microscope (cAFM) nanolithography
is a versatile technique for nanopatterning semiconducting and
metallic surfaces in a variety of environments including air
and organic solvents.”!% In its most common form, a posi-
tive bias is applied to the sample with respect to the grounded
cAFM tip, leading to local anodic oxidation within the water
meniscus at the tip-sample junction.''24 The local chemical
contrast between the oxide nanopatterns and the remainder of
the sample surface has been exploited to template subsequent
selective attachment of organic and biological molecules.?!

Recently, cCAFM has been employed for nanopatterning of
carbon-based materials including carbon nanotubes,*’l mechan-
ically exfoliated graphene flakes,[?°-2%] epitaxial graphene on sil-
icon carbide,?? highly oriented pyrolytic graphite (HOPG),3%31
and graphene oxide.3¥ In particular, the initial studies on
graphenel?®2% have focused on the utility of cAFM nano-
patterning for fabricating prototype electronic devices from
graphene nanoribbons. However, the cAFM nanopatterning
kinetics, growth mechanism, and chemistry on graphene
remain open questions. In this report, we address these issues
by quantifying the kinetics and etching of cAFM nanopatterning
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on EG on SiC(0001). These measurements suggest that cAFM
nanopatterning leads to local oxidation with a non-uniform
depth profile dictated by the surface, interface, and bulk of the
EG/SiC substrate. Finally, cAFM nanopatterning on partially
graphitized SiC(0001) is shown to induce highly anisotropic lat-
eral growth that further illustrates the chemical and electronic
property differences between EG and SiC. Overall, this study
provides quantitative insight into the nanoscale chemical modi-
fication of graphene by cAFM, thus informing future efforts
to fabricate and test prototype graphene-based electronic and
sensing devices.

Preparation of the EG/SiC samples and subsequent scan-
ning tunneling microscopy (STM) characterization were con-
ducted in a home-built ultrahigh vacuum (UHV) system!*?! (see
Supporting Information). The degree of graphitization was con-
trolled, with fully graphitized samples possessing domains of
single-layer graphene (SLG) and bilayer graphene (BLG), and
partially graphitized samples possessing domains of SLG, BLG,
and exposed regions of an interfacial layer with a carbon-rich
(6\3 x 6V3) R30° surface reconstruction, typically called the 6v3
layer (see Figure S1, Supporting Information).

Figure 1 shows AFM topography images of the EG/SiC
surface after ambient cAFM nanopatterning at various dwell
times and applied biases. Reproducible and uniform patterns
of arbitrary geometry can be generated by precisely control-
ling the applied bias, position, and velocity of the cAFM tip.
In Figure 1a, the highest spatial resolution feature is nano-
patterned at 6 V for 0.1 s, leading to a height of =1.2 nm and an
apparent width of =36 nm. Considering the relative humidity
(=35%) and hydrophilic nature of the silicon tip, this feature
size is comparable to cAFM nanopatterning on other surfaces
(e.g., hydrogen-passivated silicon) where the spatial resolution
is dictated by the size of the water meniscus at the tip—sample
junction.?* Indeed, we observe a general increase in the size of
the patterned features with increasing humidity (see Figure S2,
Supporting Information). In Figure 1b, nanostructures were
created by varying the applied bias while the tip dwell time
was held constant. The threshold voltage for nanopatterning is
5 £ 0.5 V. In Figure 1c, lines are uniformly written across sub-
strate atomic step edges, while in Figure 1d, “Graphene/SiC” is
written on the surface to demonstrate the geometric flexibility
of cAFM nanopatterning on graphene.

The growth kinetics of cAFM nanopatterning on EG/SiC
were studied as a function of applied voltage and write speed.
The height values were extracted from multiple topographic
cross-sections taken along nanopatterned lines. Since the nano-
patterned lines typically cross multiple atomic steps in the
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Figure 1. Nanopatterning of epitaxial graphene on SiC. a) AFM image of
a grid of cAFM nanopatterns. During cAFM nanopatterning, the sample
voltage was held constant at 6 V, while the dwell time was varied from
0.1 s to 4.8 s as indicated in the figure. b) AFM image of a grid of cAFM
nanopatterns created by varying the voltage from 1V to 9 V, while the
dwell time was held constant at 4 s. c) AFM image of linear cAFM nano-
patterns. The voltage was varied from 7 V to 10 V, while the tip speed was
held constant at 1 um s7'. d) cAFM nanopattern that spells “Graphene/
SiC.” Nanopatterning was conducted at a constant bias of 9 V and a tip
speed of 1 um s™'. All cAFM nanopatterning in this figure was conducted
at =35% relative humidity.

underlying substrate, each height measurement was performed
with respect to the atomically flat graphene terrace for that cross-
section of the nanopatterned line. Following repeated applica-
tion of this procedure along the nanopatterned line, the mean
and standard deviation (depicted with error bars) of the height
were found for each nanopatterning condition. In Figure 2a,
the nanopattern height is plotted versus the applied voltage
between 5 V and 14 V at a constant write speed of 0.25 pm s7!

These bias-dependent data follow two linear trends with dif-
ferent slopes: a relatively steep slope between 5 Vand 9 V and a
shallower slope above 9 V. In Figure 2b, the nanopattern height
is plotted versus the inverse of write speed with the applied bias
held constant at 7 V. These time-dependent data can be catego-
rized into three distinct regimes on a log-log plot. Within each
regime, a line can be fit to an empirical kinetic expression of
the form, z = & (Vy/Voy) 11 where z is the nanopattern height,
Vox is the write speed, vy is an arbitrary constant, and « and y
are fitting parameters. In the initial stages of growth (labeled
R1), the nanopattern height shows relatively slow kinetics until
the inverse write speed reaches =5 s um™! at which point the
growth progresses rapidly (labeled R2). In particular, the fitting
parameter y changes by an order of magnitude from a value of
0.05 + 0.02 in region R1 to a value of 0.53 + 0.11 in region R2.
Finally, at an inverse speed of =40 s um™' (labeled R3), growth
slows down again to a value of y= 0.1 £ 0.06.

The samples were etched in hydrofluoric acid (HF) to inves-
tigate the chemical nature of the features created by cAFM
nanopatterning. Figure 2c is an AFM image after fabrication of
a nanopatterned box, and Figure 2d is the same region after
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Figure 2. Kinetics and chemical etching of cAFM nanopatterns. a) A plot
of cAFM nanopattern height as a function of applied sample bias. The
write speed was held constant at 0.25 um s™'. Solid lines show linear fits
over two distinct regimes (5-9 V and 9-14 V). b) A log—log plot of cAFM
nanopattern height as function of the inverse write speed. The sample
voltage was held constant at 7 V. Solid lines show linear fits over the three
distinct regimes labeled in the figure. All data in this figure were gathered
at =35% relative humidity. ) AFM image of a cAFM nanopatterned box
before HF etching. Nanopatterning was achieved by scanning a box at a
sample bias of 10V and a constant tip speed of 1 um s7'. d) AFM image
of the same region after HF etching for 20 min. e) A plot of the line pro-
files averaged over the indicated boxes before and after HF etching.

etching in HF. The average height profiles before and after
etching are shown in Figure 2e. The depression after etching is
consistent with oxidation of the substrate, which is
well-established for local anodic oxidation of silicon.'213]

To further explore cAFM nanopatterning as a function of
substrate composition, experiments were performed on par-
tially graphitized SiC, where graphene coexists with surface
regions of ungraphitized 6V3 domains. In a recent study, we
established that the ungraphitized 6V3 domains can be spatially
mapped and distinguished from graphene using cAFM.* In
particular, a strong contrast is detected in the current through
the cAFM tip with the graphene domains showing substan-
tially higher current than the ungraphitized 6V3 domains.
For example, Figure 3a,b show topography and current maps,
respectively, of the same region of a partially graphitized SiC
sample. The regions of markedly lower current are attributed to
the ungraphitized 6V3 domains in accordance with a previous
study.*! While cAFM nanopatterning can be achieved on both
the ungraphitized 6V3 and graphene domains, lateral nano-
pattern growth occurs preferentially on graphene. In particular,
Figure 3c,d show the topography and current map, respectively,
after cAFM nanopatterning was performed on graphene at
point “A”, in the vicinity of surrounding 6\3 domains marked by
regions “B” and “C”. At elevated relative humidity (=50%) and
a nanopatterning dwell time of 10 s, significant lateral nano-
patterning occurs in a highly anisotropic manner that is confined
to the graphene regions while avoiding the 6v3 domains. Con-
sistent with the formation of an oxide, the nanopattern shows
low current in the post-nanopatterning cAFM current map.
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Figure 3. Nanopatterning on partially graphitized SiC. a) Topographic and
b) current cAFM images of a partially graphitized SiC substrate preceding
nanopatterning. The low current regions are ungraphitized 6V3 domains.
c) Topographic and d) current cAFM images after nanopatterning at the
point marked by an “A”. “B” and “C” mark two 63 regions that remain
unchanged before and after nanopatterning. Anisotropic lateral growth
is confined to graphene and avoids the ungraphitized 6V3 domains. Pat-
terning in this image was accomplished at =50% relative humidity. Cur-
rent maps were taken at a sample bias of 0.3 V.

The dependence of the cAFM nanopattern height on
sample bias and dwell time shown in Figure 1,2 suggests that
the mechanism of cAFM nanopatterning on EG/SiC is most
likely local anodic oxidation within the water meniscus at the
tip—sample junction. This interpretation is supported by the
observation that nanopatterning is only possible at positive
sample bias in this work, which is in agreement with pub-
lished reports of local anodic oxidation of exfoliated graphene
and HOPG.[?6-283031] Fyrthermore, the nanopattern lateral size
is observed to increase with increasing relative humidity (see
Figure S2, Supporting Information), which has been widely
observed in previous studies of AFM local anodic oxidation and
most commonly attributed to the increasing size of the water
meniscus at the tip-sample junction at elevated humidity.!1-13!
The kinetics and chemistry (indicated by HF etching) of the
cAFM nanopatterns on EG/SiC also share qualitative simi-
larities to local anodic oxidation on other substrates such as
silicon.[!1-=13]

While local anodic oxidation is the likely overarching mech-
anism, a closer inspection reveals many unique features of
cAFM nanopatterning on EG/SiC. For example, in Figure 1b,
the dots nanopatterned at biases above 7 V show anisotropic
structure laterally even though the surface was fully graphitized
in this case. We believe that this anisotropic structure can be
attributed to subtle chemical reactivity and surface energy dif-
ferences between SLG and BLG as has been observed previ-
ously for other reactions including hydrogenation®¥ and oxida-
tive etching.¥”]

The kinetics of cAFM nanopatterning on EG/SiC show clear
differences compared to the canonical example of silicon. In
particular, the bias and time dependence of the cAFM nano-
pattern height in Figure 2 shows distinct regimes that can be
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attributed to the layered structure of EG/SiC.3¥ As the cAFM
nanopattern grows thicker and correspondingly oxidizes
deeper into the substrate, the growth front first passes through
the graphene surface layer, then through the carbon-rich 6v3
interfacial layer, and ultimately into the bulk SiC substrate.
Unlike silicon where the chemical composition is essentially
identical with depth, the chemically inhomogeneous depth
profile of the EG/SiC substrate likely explains the more compli-
cated kinetics observed in Figure 2. We attribute the spread in
the kinetics data to the spatially varying interface structure of
UHV-processed epitaxial graphene on SiC and to the different
local anodic oxidation rates of SLG and BLG as has been previ-
ously observed for exfoliated graphene flakes on Si0,.1?] While
the etching behavior of the nanopatterns on EG/SiC in HF is
similar to that of anodically oxidized silicon,'213] we expect a
dependence of the cAFM nanopattern chemistry on the nano-
pattern height due to the inequivalent oxidation stoichiometry
and structure of the graphene surface, 6V3 interface, and SiC
bulk.[39-44

The differences in chemistry, surface energy, and electrical
properties between graphene and SiC are further highlighted
by the strongly anisotropic lateral growth observed on partially
graphitized SiC. As shown in Figure 3, lateral growth is con-
fined to graphene and avoids the 6V3 domains when cAFM
nanopatterning is initiated on a graphene portion of partially
graphitized SiC. At least two factors may contribute to this
unique anisotropic lateral growth mode. First, local anodic
oxidation is known to vary with tip—sample conductivity and
nanopatterning current.!!] Hence, the substantially higher tip—
sample conductivity (indicated by the cAFM current map in
Figure 3b) on graphene compared to the 6V3 domains implies
preferential anodic oxidation of graphene. Second, from macro-
scopic water contact angle measurements on 63 silicon car-
bide and epitaxial graphene samples (see Figure S3, Supporting
Information), we find the 6\3 surface to be more hydrophobic
(average water contact angle = 76°) than fully graphitized SiC
samples (average water contact angle = 64°). This contrast in
surface energy suggests that the water meniscus at the tip—
sample junction may be preferentially confined to graphene,
thus leading to selective anodic oxidation of graphene on par-
tially graphitized SiC.

In summary, cCAFM nanopatterning has been demonstrated
and quantified for EG/SiC in ambient conditions. With many
qualitative similarities to other well-established substrates,
the overarching cAFM nanopatterning mechanism on EG/
SiC appears to be local anodic oxidation. However, detailed
quantification of the nanopatterning kinetics reveals subtle
differences that can be attributed to the multilayer, chemi-
cally inhomogeneous surface and sub-surface structure of
EG/SiC. Furthermore, anisotropic lateral growth illustrates
that cAFM nanopatterning is also sensitive to lateral inhomo-
geneities in electrical conductivity and surface energy, espe-
cially for partially graphitized SiC substrates where graphene
is in direct lateral proximity with 6V3 domains. Since cAFM
nanopatterning in ambient conditions is a common pathway
for prototyping nanoscale devices and circuits, this study is
likely to impact ongoing efforts to understand and optimize
the performance of graphene-based electronic and sensing
technologies.
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Experimental Section

AFM Nanopatterning: AFM measurements were carried out using a
modified CP Research (Thermomicroscopes) AFM. Nanopatterning was
performed in a controlled-humidity glove box using a Si tip (WUMasch,
NSC36C). The relative humidity was varied between 20% and 50%. All
experiments were performed at room temperature, and the temperature
of the tip and substrate were not independently controlled. Height
measurements were extracted from AFM images taken in contact mode
(fast y-scan direction) or intermittent-contact mode to prevent distortion
arising from crosstalk between vertical and lateral forces.>) Chemical
etching of the cAFM nanopatterns was performed by dipping the
samples in 48% hydrofluoric acid (Aldrich) for 20 min. The same regions
were imaged before and after etching with AFM.

Conductive AFM: Current mapping was achieved with a Pt-coated Si
probe (UMasch, NSC36C Ti/Pt) in contact mode with contact forces of
=8-15 nN, a scan rate of 0.3 Hz, and a sample bias of 0.3 V. Current
was collected through the cAFM probe using a DL Instruments current
preamplifier (Model 1212) and a 160 Hz low-pass in-line filter. A limiting
resistor (=12 MQ) was used in series with the current preamplifier to
limit the maximum current through the cAFM tip. The cAFM probes
were tested on Au reference samples, where contact resistances of
<5 kQ were recorded. Contact mode topography signals were collected
concurrently with the current signal.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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